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I 
摘 要 
随着科学的进步，白光发光二极管（light emitting diode，简称 LED）因其环
保、节能、体积小、寿命长等优点被公认为第 4代固体光源，广泛应用于屏幕显
示、电子产品背光源和普通照明等领域。荧光粉转换法制备白光 LED 是一种成
本低、综合性能好、易于实现的方法。目前，已商业化的白光 LED 是由蓝光氮
化镓（GaN: In）芯片组合 YAG: Ce3+黄色荧光粉所实现的，因其缺少红色成分致
使显色指数不高。因此考虑用蓝光芯片配合红色和绿色荧光粉来得到需要的白光。
为提高白光 LED 的显色指数和发光效率，需要改善现有荧光粉或开发可与蓝光
或紫外芯片相匹配的绿色或红色荧光粉；其中，绿色荧光粉的研究相对较少。 
当前的绿色荧光粉主要包括硅酸锶、β-sialon、MSi2O2N2: Eu
2+（M = Ca，Sr
或 Ba）和 Lu3Al5O12: Ce
3+（镥铝石榴石，简写为 LuAG: Ce3+）4种。其中，硅酸
锶的热稳定性和耐水性差，β-sialon 造价昂贵，MSi2O2N2: Eu
2+制备条件严苛且蓝
光吸收不强。Lu3Al5O12: Ce
3+荧光粉为石榴石结构，热稳定性好，量子效率高，
450 nm吸收非常符合蓝光芯片的需求，在白光 LED领域将具有可期的应用前景。
因此，本研究选择 Lu3Al5O12: Ce
3+荧光粉作为研究对象，用高温固相法对其进行
制备，并对制备工艺进行优化。此外，本研究首次讨论所掺杂 Ce3+和 Er3+的浓度
猝灭机制以及 Ce3+、Er3+共掺时能量传递机制和效率，以期提高荧光粉的发光性
能。 
本研究分为如下三个部分，各部分均采用高温固相法制备荧光粉：第一部分
制备了 Lu3Al5O12: Ce
3+荧光粉，研究其发光特性，并通过测试和理论计算得到
Ce
3+的最优掺杂浓度和浓度猝灭方式；第二部分制备了 Lu2.95Al5O12: 0.050Ce
3+荧
光粉，研究了不同制备工艺对发光性能的影响，特别是助熔剂的添加量和种类对
荧光粉晶体结构及发光性能的影响；第三部分制备了 Lu3Al5O12: Ce
3+
, Er
3+荧光粉，
研究 Er3+作敏化剂对荧光粉发光性能的影响及 Ce3+、Er3+之间能量传递的方式和
效率。所获结论如下： 
一、用高温固相法成功制备了名义组成为Lu3-xAl5O12: xCe
3+（0.030 ≤ x ≤ 0.070）
的绿色荧光粉，并研究了该荧光粉的晶相与发光性能。结果表明，掺杂激活离子
Ce
3+后，基质 LuAG的晶相没有发生改变；该荧光粉激发光谱覆盖了 300～500 nm，
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II 
峰值分别位于 347 nm 和 445 nm 处，峰形光滑平缓；发射光谱为 450～650 nm范
围的单宽峰带，其峰值位于 513 nm 处；Ce3+的最优掺杂量为 x = 0.050；Ce3+在
LuAG基质中浓度猝灭的方式是电偶极—电偶极相互作用。 
二、研究了名义组成为 Lu2.95Al5O12: 0.050Ce
3+的荧光粉，从研磨、热处理温
度及助熔剂等方面优化了制备工艺。结果表明，加入适量的无水乙醇研磨 1 h并
将热处理温度设置为 1550 ℃时制得的荧光粉性能较好；助熔剂对荧光粉的晶相
形成有促进作用，助熔剂BaF2、NaF、NH4Cl和H3BO3的最优掺杂量分别为 3 wt%、
0.5 wt%、2 wt%和 4 wt%；添加不同的助熔剂对荧光粉发光强度的增强幅度为
BaF2 > NaF > NH4Cl > H3BO3 >未添加助熔剂；对于该荧光粉，最佳的助熔剂为
BaF2，其最佳添加量为 3 wt%左右。 
三、用高温固相法成功制备了名义组成为 Lu2.95-yAl5O12: 0.050Ce
3+
, yEr
3+
 
（0 ≤ y ≤ 0.060）的荧光粉，并研究该荧光粉的晶相与发光性能。结果表明，当
引入 Er3+共掺杂时，该荧光粉主晶体的结构没有发生改变；其激发光谱仍为覆盖
了 300～500 nm 的双峰，发射光谱为覆盖 400～650 nm 的单峰，峰值在 507 nm
左右；Er3+的最优掺杂量为 y = 0.030，Er3+在 LuAG基质中浓度猝灭的方式为电
偶极—电偶极相互作用。 
四、研究了名义组成为 Lu2.95-yAl5O12: 0.050Ce
3+
, yEr
3+（0 ≤ y ≤ 0.060）绿色
荧光粉的晶相和发光性能，发现在不改变 LuAG基质晶相的基础上，该荧光粉既
含有 Ce3+的特征发射峰，又含有 Er3+的特征发射峰；研究发现 Lu3Al5O12: Er
3+的
发射光谱和 Lu3Al5O12: Ce
3+的激发光谱有明显的重叠，满足能量传递条件，论证
该荧光粉发生了从 Er3+到 Ce3+的能量传递过程，计算了 Er3+、Ce3+间的能量传递
效率，探讨了 Er3+、Ce3+间的能量传递机制，指出其为电偶极—电偶极相互作用。 
 
关键词：LuAG；浓度猝灭；助熔剂；能量传递 
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Abstract 
When human first carrying the torch, opens the first revolution in the field of 
lighting. The white light emitting diode (LED) has been recognized as the fourth 
generation solid-state lighting due to its superior features such as environmentally 
friendly, low power consumption, small volume, and long lifetime. The white LED 
has been widely used in screen displays, backlights for electronic devices and general 
illumination. The phosphor-converted LED has many advantages including low cost, 
good comprehensive performance and easy driving. Although the white LED 
fabricated by a blue GaN: In chip and yellow Lu3Al5O12: Ce
3+
 phosphor is already on 
the market, it still has a low colour rendering index due to lack of red component. The 
solution to this problem is tantamount to combine a blue LED chip with green and red 
phosphors. In order to improve the color rending index and luminescence efficiency 
of the white LED, researchers begin to optimize the existing phosphor and exploit 
new phosphors which can match well with blue or ultraviolet LED chips. Furthermore, 
research on green phosphor is dependent lag. 
Now the green phosphor generally consists of strontium silicate, β-sialon 
MSi2O2N2: Eu
2+
 (M = Ca, Sr and Ba) and Lu3Al5O12: Ce
3+
 (lutetium aluminum garnet, 
abbreviated as LuAG: Ce
3+
). However, the strontium silicate has poor property in its 
thermal stability and water-resistance. The cost of β-sialon was very expensive. The 
preparation of MSi2O2N2: Eu
2+
 was under the harsh condition and its blue light 
absorption is not strong simultaneously. Lu3Al5O12: Ce
3+
 phosphor has a garnet 
structure, with a good thermal stability as well as a high quantum efficiency. Its 
excitation wavelength is 450 nm, which is well accord with the demand of blue chips, 
facilitating its applications in the field of white LED in the future. Therefore, 
Lu3Al5O12: Ce
3+
 phosphor was selected as research objects. In this investigation, the 
high-temperature solid state reaction method was employed, and then the preparation 
technology was optimized. Moreover, in order to improve the performance of 
Lu3Al5O12: Ce
3+
 phosphor luminescence, the concentration quenching mechanism of 
Ce
3+
 and Er
3+
, the energy transfer mechanism and efficiency between Ce
3+
 and Er
3+
 
were studied in this thesis firstly. 
There are three parts of this investigation, and all phosphors were synthesized by 
high-temperature solid state reaction method. Lu3Al5O12: Ce
3+
 phosphor was prepared 
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in the first part, and the luminescence characteristics were investigated. In addition, 
the optimum content and the concentration quenching mechanism of Ce
3+
 were 
confirmed by test and theoretical calculations. Lu2.95Al5O12: 0.050Ce
3+
 phosphor was 
synthesized in the second part, the preparation technology, especially the effects of 
fluxing agent, on Lu2.95Al5O12: 0.050Ce
3+
 phosphor was mainly studied in this part. 
Lu3Al5O12: Ce
3+
, Er
3+
 phosphor was prepared in the third part, the photoluminescence 
and the energy transfer between Ce
3+
 and Er
3+
 were discussed. The obtained 
conclusions are as follows: 
1. Lu3-xAl5O12: xCe
3+
 (0.030 ≤ x ≤ 0.070) green phosphors has been 
successfully synthesized via solid-state reaction method. The crystal structure and 
optical properties were investigated. The result implied that appropriate amount of 
Ce
3+
 doping has no obvious influence on the LuAG crystal structure. The excitation 
spectrum covers 300～500 nm, and the emission spectrum is broadband in the range 
of 450～650 nm peaking at 513 nm. Meanwhile, the optimum for Ce3+ doping 
amount is x = 0.050, and the concentration quenching mechanism is electric 
dipole-electric dipole interaction. 
2. The morphology and optical properties of Lu2.95Al5O12: 0.050Ce
3+
 phosphor 
were studied through the effect of milling pattern, heat treatment temperature and 
fluxing agent. The raw materials were mixed with ethanol and milled thoroughly by 1 
h, and then the mixed sintered at 1550 ℃, which obtained the best phosphor product. 
The maximum luminescence intensities were found with the following order: BaF2  
(3 wt.%) ＞ NaF (0.5 wt.%) ＞ NH4Cl (2 wt.%) ＞ H3BO3 (4 wt.%) ＞ no flux. 
Depending on the result, the optimal fluxing agent is BaF2. 
3. Lu2.95-yAl5O12: 0.050Ce
3+
, yEr
3+
 (0 ≤ y ≤ 0.060) green phosphors have been 
successfully prepared via solid-state reaction method. The crystal phase and optical 
properties were investigated. The result showed that the appropriate amount of Ce
3+
 
and Er
3+
 doping has no obvious influence on the LuAG crystal structure. The 
excitation spectrum covers 300～500 nm, and the emission spectrum is broadband in 
the range of 450～650 nm peaking at 507 nm. Besides, the optimum for Er3+ doping 
amount is y = 0.030, and the concentration quenching mechanism between Ce
3+
 and 
Er
3+
 is electric dipole-electric dipole interaction. 
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4. The crystal structure and photo-luminescence of Lu2.95-yAl5O12: 0.050Ce
3+
, yEr
3+
 
(0 ≤ y ≤ 0.060) green phosphors were investigated. It turned out that the phosphor 
possessed Ce
3+
 and Er
3+
 emission peak characteristics. The spectral overlap between 
the emission band of Er
3+
 and the excitation band of Ce
3+
 supported the occurrence of 
the energy transfer from Er
3+
 to Ce
3+
. The energy transfer mechanism was 
demonstrated to be an electric dipole-dipole interaction and the energy transfer 
efficiency was also calculated. 
 
Keywords: LuAG; Concentration quenching; Fluxing agent; Energy transfer
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第一章 绪 论 
古人通过各种途径（如钻木取火、蜡烛、油灯，等），想方设法地采取措施
获取照明。由此可知，照明在其早期就是人类活动不可或缺的方面。古人车胤囊
萤夜读就是天然照明最早的写照。随着人类文明进步，照明设备也在不断地发展，
公元 1879 年灯泡的发明预示电力照明时代来临，开启了人类照明的新征程。因
此，科学研究者潜心专注于改进现有发光材料性能与及创造新型发光材料，从白
炽灯到如今的 LED，发光领域经历了一场又一场革命。 
1.1 发光和发光材料 
1.1.1 发光的定义与分类 
每天环绕我们的光是一种电磁波，具有波粒二象性，产生于电子从高能态跃
迁到低能态的过程，其本质为能量的一种形态。当物质受到外界能量的激发，多
余的能量要释放，发光就是这部分能量以光辐射形式发射的过程[1]。研究发光过
程就是要研究这部分能量具体是如何发射的，为人类生活寻求更丰富的资源打下
有利的基础。 
对于各发光材料，按光被激发的方式可将发光做如下分类[2, 3]： 
一、 光致发光（photo-luminescence）是由紫外、红外辐射或可见光等激
发物质产生的发光。它大致由吸收、能量传递和光发射过程组成。灯用三基色荧
光粉属于这类。 
二、 放射线发光（radio-luminescence）是由放射性物质的射线激发物质产
生的发光。 
三、 电致发光（electro-luminescence）是在电流或电场作用下引起的固体
放光现象。 
四、 X射线发光（X-ray luminescence）是用 X射线激发发光材料时产生
的发光，如 X射线荧光屏。 
五、 阴极射线发光（cathodo-luminescence）是受高速电子束的撞击引起
的发光，如各种显像管和示波管等。 
六、 热释发光（thermo-luminescence）是发光材料温度升高后，其内部储
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存的能量释放产生的发光。 
七、 化学发光（chemi-luminescence）是物质间发生的化学反应激发材料
产生的发光。 
八、 声发光（sono-luminescence）是用超生激发使材料发光。 
九、 摩擦发光（tribo-luminescence）是用机械能去激发发光材料所产生得
发光。 
1.1.2 发光材料的组成 
基质和激活剂是发光材料的主要组成部分，但有时可根据需要掺入用以传递
能量的杂质——敏化剂。两者一般是稀土元素化合物，在基质中呈离子状态，可
部分取代基质中的离子，从而构成杂质缺陷，形成发光中心[4]。可据此改进或创
造发光材料。 
一、基质 
可作为基质的化合物很多。作为基质应具备如下 3个条件：(1) 阳离子拥有
惰性气体元素的电子构型；(2) 阴、阳离子都必须为光学透明的；(3) 有确定的
某种缺陷存在于晶体中。 
现在很多无机化合物也都已经用作基质，主要包括：(1) 氧化物与复合氧化
物，如氧化镥、钛酸锶等；(2) 含氧酸盐，如硅酸盐和钨酸盐等；(3) 稀土卤氧
化物，如 LaOCl；(4) 稀土硫氧化物，如 Y2O2S、Gd2O2S等。 
二、激活剂 
激活剂所在位置即发光中心，产生发光其根本原因是激活离子的电子发生跃
迁。要实现这种跃迁，必须遵循拉波特定则（也常称宇称选择定则）和自旋选择
定则两种。研究者在选择激活离子时，首先考虑激活离子的电子构型，其次考虑
激活离子的离子半径与基质中被取代的离子半径相近，主要是二价或三价稀土离
子。常见的激活离子有：Eu2+、Tm2+；Ce3+、Eu3+、Pb3+、Tb3+、Dy3+、Sm3+和
Yb
3+等。 
三、敏化剂 
将某稀土离子掺入荧光粉基质中，该离子能将其吸收的能量传给激活剂，该
离子即敏化剂。作为敏化剂的离子通常也是稀土离子，如 Ho3+、Ce3+、Er3+、Tb3+
和 Bi3+等都是常见的敏化离子。 
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